(1) In order to investigate the effects of acetylcholine (ACh) on synaptic transmission in the rat hippocampus, extracellular and intracellular recordings were made from pyramidal neurons in an in vitro slice preparation while synaptic inputs to the cell population were stimulated. ACh was applied ionophoretically into somatic and dendritic layers of the slice.
Abstract
(1) In order to investigate the effects of acetylcholine (ACh) on synaptic transmission in the rat hippocampus, extracellular and intracellular recordings were made from pyramidal neurons in an in vitro slice preparation while synaptic inputs to the cell population were stimulated. ACh was applied ionophoretically into somatic and dendritic layers of the slice.
(2) ACh applied into the apical dendritic layer of the CA1 region reduced the size of the locally evoked field excitatory postsynaptic potential (EPSP) without altering the size of the afferent fiber volley. Likewise, dendritically applied ACh reduced the size of intracellularly recorded EPSPs. This effect of ACh appeared to be muscarinic since it was not affected by hexamethonium (up to 3 x lo-" M) but was antagonized by atropine in a dose-dependent manner.
(3) The distribution of ACh-sensitive sites matched closely the spatial distribution of activated synapses on the pyramidal cell dendrites as shown by ionophoretic mapping experiments.
(4) In contrast to the effects of dendritic applications of ACh, ionophoresis of ACh into the cell layer resulted in an increase and prolongation of EPSPs and a transient decrease in the size of recurrent somatic inhibitory postsynaptic potentials (IPSPs). These effects on synaptic potentials could not be explained by the observed changes in membrane potential and input resistance following somatic application of ACh.
(5) Short dendritic applications of ACh had no consistent effect on the membrane potential or slope conductance of pyramidal neurons and did not attenuate the depolarization evoked by brief dendritic applications of glutamate. In addition, the time course of ACh-reduced EPSPs was not different from control.
(6) We conclude that ACh exerts a presynaptic inhibitory effect on both excitatory and inhibitory afferents to hippocampal pyramidal neurons. This effect of ACh is widespread, occurring in all regions of Ammon's horn tested as well as in stratum moleculare of fascia dentata.
Anatomical studies have identified a diffuse projection of fibers that originate in the medial septal nuclei and terminate in the hippocampus (Mosco et al., 1973; Mellgren and Srebro, 1973; Segal and Landis, 1974; Rose et al., 1976; Swanson, 1978) . The cholinergic nature of this system is generally accepted (Lewis et al., 1967; Dudar, 1975) . However, the physiological consequences of activating these inputs and the identity of their cellular targets are uncertain. Early ionophoretic studies demonstrated that application of acetylcholine (ACh) to both pyramidal and presumed basket cells results in an elevation of spontaneous firing rate that is blocked readily by atropine (Biscoe and Straughan, 1966; Bland et al., 1974; Bird and Aghajanian, 1975; Segal, 1978 ' To whom correspondence should be addressed.
produces depolarization and a slope conductance decrease of pyramidal cells (Kelly et al., 1979; Benardo and Prince, 1980; Dodd et al., 1981) . However, surprisingly few reports have addressed the question of whether these excitatory responses mimic a physiological effect of septal afferents. In investigations in which the medial septal area has been stimulated electrically (Andersen et al., 1961a, b; Salmoiraghi and Stefanis, 1967; Alvarez-Leefmans and Gardner-Medwin, 1975; DeFrance et al., 1978) , it has been difficult to block evoked responses convincingly with atropine. These findings suggest that the physiological actions of synaptically released ACh in the hippocampus may be more subtle than direct excitation of hippocampal neurons. Indeed, there is evidence for an additional action of ACh in the hippocampus. Perfusion of a dentate gyrus slice with ACh can abolish a synaptically evoked granule cell discharge (Yamamoto and Kawai, 1967) , and later experimental evidence was consistent with a presynaptic inhibitory role for ACh (Hounsgaard, 1978a, b) . (Valentino and Dingledine, 1981) .
Materials and Methods
Rat hippocampal slices were prepared and maintained as described by Dingledine et al. (1980) . Briefly, rats weighing 125 to 200 gm were anesthetized with ether and the hippocampus was dissected out. Nearly traverse slices, 400 pm thick, were cut with a Sorvall tissue chopper and then transferred to a recording chamber by means of a wide bore glass tube and suction bulb. The slices were maintained at 32 to 37°C and superfused with artificial cerebrospinal fluid (ACSF) at a rate of 0.3 to 1 ml/min. The composition of the ACSF was (in millimolar concentrations): NaCl, 130; KCl, 3.5; NaH2P04, 1.25; NaHCO:], 24; CaClz 2H20, 1.5; MgS04 7H20, 1.5; and glucose, 10. The solution was saturated with 95% 02, 5% CO2 to maintain a pH of 7.3 to 7.4. A humidified stream of warm Oa/COs was directed over the upper surface of the slices. Recording was not attempted until at least 60 min had elapsed from the time that the slices were placed in the chamber. In experiments in which recurrent IPSPs were recorded, a razor blade chip was used to make a cut through the stratum (St.) oriens and st. pyramidale of each slice (nomenclature of Lorente de No, 1934) , thereby isolating the alveus for more selective activation of the recurrent inhibitory pathway (Dingledine and Langmoen, 1980 The ionophoretic pipettes were positioned visually by separate micromanipulators and lowered into the slice with hydraulic drives. Following each successful penetration, the depth of the glutamate, and often the ACh pipette, was readjusted to produce a large and short latency response. For antagonism experiments, the slices were perfused with ACSF containing either atropine sulfate, lo-" or lo-' M, or hexamethonium bromide, 3 X lo-" or 3 X lo-" M. All drugs were obtained from Sigma.
Recorded signals were led through negative capacitance DC-coupled electrometers.
The intracellular electrometer had a bridge configuration that allowed current pulses to be passed across the cell membrane in order to change the membrane potential and monitor input resistance. When this was done, the bridge balance was checked routinely and adjusted if necessary (Engel et al., 1972) . Signals were displayed on an oscilloscope and stored on magnetic tape. During intracellular recordings, a chart recorder was used to monitor membrane potential and ionophoretic currents. Recorded signals were averaged (Nicolet model 1072) before photography, and measurements were made from the film or chart by hand.
Results
Effect of ACh on synaptic field potentials. A recording electrode positioned "on-beam" in the layer of activated excitatory synapses in st. radiatum records a characteristic field potential in response to orthodromic stimulation (Fig. 10) . The evoked response consists of a sharp triphasic potential (arrow), which has been interpreted as an axonal spike or afferent fiber volley, followed by a slower negativity whose initial slope (the field EPSP) is considered proportional to postsynaptic current density (Andersen et al., 1.978) . The magnitude of the volley generated in the afferent fibers was proportional to the intensity of the orthodromic stimulus (Fig. lA) . Likewise, as long as moderate stimulus intensities were used, the field EPSP was a linear function of the magnitude of this volley (Fig. 1B) . The effect of ACh on orthodromic activation of CA1 pyramidal neurons was examined by ionophoresing ACh into the somatic and dendritic regions of the slice.
When applied into the cell layer, ACh increased the size of evoked population spikes recorded extracellularly as expected from its slow depolarizing effect. However, when ACh was applied directly into the apical dendritic region of activated synapses, the evoked negative population spike recorded in the cell layer was reduced within a few seconds. This action of ACh was accompanied by a selective reduction of the dendritic field EPSP, while the presynaptic volley was unaffected ( Fig. lD , control, dashed line). Similarly, the slope of the synaptic inputoutput curve was decreased by ACh ( Fig. 1 B ) .,
Jl"
F txr alley hV/ lms Figure 1 . Depression by ACh of synaptic field potentials and antagonism by atropine. Recording and stimulating electrodes were positioned in st. radiatum of the CA1 region. Input-output curves were constructed by manually varying the stimulus intensity and plotting (A) the size of the evoked afferent fiber volley as a function of stimulus current and (B and C) the initial slope of the field EPSP as a function of fiber volley. In each graph, the solid circles represent responses obtained before, and triangles those immediately after, an ionophoretic application of ACh (64 nA for 6 set) into st. radiatum near the recording electrode. Thus, each graph was built up from 10 to 12 separate ACh applications. Input-output curves were determined before (A and B) and 40 min after (C) perfusing the slice with 10M7 M atropine. D, Sample records, with each trace being the digital average of four sweeps. Solid lines show responses before, and dashed lines those immediately after, an ACh application. Arrows mark the peak of the fiber volley; the breaks in the records indicate stimulus artifacts. ACh reduced the field EPSP without affecting the size or shape of the afferent volley, and this effect was antagonized by 10m7~ atropine. was mediated by muscarinic or nicotinic receptor activation, periodic mid-apical dendritic application of ACh was carried out and field potentials were recorded while the slices were perfused with either hexamethonium or atropine.
Perfusion of the slices with ACSF-containing atropine, 10s7 M, markedly inhibited the effect of ACh upon the field EPSP (Fig. 10) . The antagonism by atropine also was shown by an attenuation of the ACh-induced reduction of the slope of the synaptic input-output curve (Fig.  1 C) . This concentration of atropine reduced the effect of ACh in six slices by 77% (Table I ). The effect of atropine was dose dependent since lo-@ M atropine did not produce a significant reversal of the ACh-induced inhibition (Table I) . Perfusion of the slices with the nicotinic antagonist, hexamethonium (3 x 10e6 or 3 X low5 M), did not reduce the inhibitory effect of ACh significantly (Table I) . Atropine (10e7 M), by itself, had no significant effect on either the size of the population spike or the slope of the synaptic input-output curve, which, in the presence of atropine, was 88% (SD = 28%; n = 11) of the control slope.
Localization of the ACh effect. In order to determine the spatial distribution of ACh-sensitive sites, ionophoretic mapping experiments were carried out in which the relative potency of ACh for reducing the field EPSP was measured as the ionophoretic pipette tias moved along a line parallel to the dendritic axis of the pyramidal neurons. Distances between recording and ionophoretic pipettes were measured with an eyepiece micrometer to an accuracy of approximately 20 pm. The locations of the major visual landmarks of the slice (borders of alveus and cell layer, hippocampal fissure) within the micrometer field also were noted to facilitate later reconstruction of the recording and ionophoresis sites. In each experiment, the ionophoretic dose of ACh in nanocoulombs (nC) required to reduce the size of an evoked field EPSP by a standard amount (approximately 30%) was determined for 5 to 11 drug delivery sites. At the most sensitive The Journal of Neuroscience ACh Inhibits Synaptic Transmission 787 sites, the ionophoretic current was adjusted in order to reach the criterion effect in 5 to 10 sec. At each site, the responses to two to six drug applications were averaged. In eight slices, apical dendritic delivery of ACh was more potent in reducing the field EPSP when the ionophoretic pipette was 150 pm deep than when it was 50, 100, or 200 pm deep. Therefore, in mapping experiments, the depth of the ACh pipette was set 150 pm below the slice surface. Figure 2 illustrates the results of one experiment in which the spatial distribution of ACh-sensitive sites was compared to the distribution of active excitatory synapses. As shown in the schematic diagram in Figure  2 , stimulating and recording electrodes were positioned in the mid-apical dendritic region, while the ACh pipette was placed sequentially at each of eight levels denoted by small black circles. As the ACh pipette was moved away from the recording electrode along a line parallel to the pyramidal dendritic axis, there was a progressive increase in the ionophoretic dose required to produce the same reduction in the EPSP (Fig. 2 , solid circles). At the most sensitive site near the recording electrode, the criterion effect was reached with a dose of ACh of only 20 nC (4 nA for 5 set), while 6600 nC of ACh (153 nA for 43 set) were required to elicit the same response when the ionophoretic pipette was located 230 pm distant. A similar decrement in ACh potency was produced regardless of whether the ionophoretic pipette was moved toward the cell layer or st. lacunosum moleculare. For comparison to the map of ACh sensitivity, the spatial distribution of activated excitatory synapses was estimated by measuring the amplitude of the fiber volley at different recording sites. As expected, the volley amplitude decreased rapidly as the recording electrode was moved away from the stimulating electrode (Fig. 2 , open circles). Although it is recognized that volume conduction of the signal away from the activated fibers will contribute somewhat to the measured volley amplitude, it has been demonstrated that a major proportion of the volley amplitude reflects the intensity of local afferent input (Andersen et al., 1978) . The close correspondence between the distribution of ACh-sensitive sites and the area of activated dendritic synapses (Fig. 2) was obtained in each of four slices tested. The results from eight mapping experiments were pooled in order to illustrate the steepness with which the ACh potency falls off as the ionophoretic pipette is moved away from the most sensitive site (Fig. 3) . Distances on the abscissa are expressed relative to the position of the recording electrode which, along with the stimulating electrode, was always positioned in the mid-apical dendritic layer of the CA1 region. In each slice, the ACh sensitivity was mapped out as in Figure 2 ; graphical interpolation then was used to determine the dose of ACh (in nanocoulombs) required for a criterion effect at standard intervals of 25 or 50 pm. The reciprocal of the ACh dose was expressed relative to that at the most sensitive site and was plotted as a function of distance from the recording electrode. The location of the ACh effect appears to be quite specific as moving the ionophoretic pipette 50 pm in either direction decreased the relative potency of ACh by about 50% (Fig. 3) 
Ionophoresis
of ACh into the apical dendritic zone of pyramidal cells in the CA1 region of the slice decreased the peak of the intracellularly recorded EPSP by 46 f 3% (n = 27 cells). Figure 4A illustrates the inhibitory effect of ACh on the evoked EPSP of a cell and the recovery following application. The input resistance of this cell, as indicated by the slope of the current-voltage plot in Figure 4B , was reduced by 6% in the presence of ACh. However, both increases and decreases in input resistance resulted from ionophoresis of ACh in the st.
radiatum. These changes were small, ranging from -10 to 6% (mean = -2 + 1%; n = 12), and did not correspond to the degree of inhibition of the EPSP produced by ACh. The mean decrease in the EPSP produced by ACh in these 12 cells was 47 f 7%. The changes in the membrane potential following dendritic ACh application usually developed slowly compared to the rapid reduction of the EPSP and ranged from 0 to 2 mV depolarization (mean = 1.5 mV; n = 16). Thus, a profound reduction of the intracellularly recorded EPSP could be produced by dendritic application of ACh in the absence of consistent changes in either membrane potential or input resistance of pyramidal neurons. Effect of ACh on intracellularly recorded IPSPs. Out of 11 slices in which lesions were made to isolate a pure recurrent IPSP, 9 showed no evidence of contamination by orthodromic EPSPs. The apparent reversal potential for recurrent IPSPs is so close to the resting potential that we usually evoked the IPSP at the plateau of a hyperpolarizing current pulse, which inverted the potential and increased its size (Fig. 5, top of ACh into st. pyramidale of these slices produced a transient, reversible decrease in the size of the recurrent IPSP in seven of nine cells. In another cell, the IPSP was decreased by ACh, but recovery did not occur, and in the last cell, no change in the size of the IPSP was apparent after ionophoresis of ACh into the soma region. The inhibition of the IPSP and the time course of this effect in one cell are illustrated in Figure 5 . The decrease in the IPSP usually occurred with little change in input resistance of the cell (Fig. 5) . In nine effective perisomatic applications of ACh to seven cells, changes in input resistance were small at a time when the IPSP was depressed (range, -3 to 6 megohms; mean = 0.5 & 0.8 megohms).
In confirmation of previous work (Kelly et al., 1979; Benardo and Prince, 1980; Dodd et al., 1981) , ionophoresis bf ACh into st. pyramidale consistently depolarized pyramidal neurons by a mean of 6 + 1 mV (n = 9). However, the depolarization was not solely responsible for the reduction of the IPSP, as shown in Figure 5 , since a larger depolarization produced by passing steady current through the recording electrode resulted in only the expected small decrease in size of the IPSP as the synaptic driving force was reduced (period of current injection denoted by arrows). That the depolarization produced by ACh was not responsible for the inhibition of the recurrent IPSP also is suggested by the observation that the time courses of the two effects do not correspond (Fig. 5) . While application of ACh into st. pyramidale decreased the recurrent IPSP, the size and duration of evoked EPSPs were increased by ACh (Fig. 6 ). This is in contrast to the inhibition of the EPSP produced by application of ACh into the st. radiatum (Fig. 6 ) and is likely a result of inhibition of feed-forward and recurrent IPSPs. started at time zero. Although the glutamate depolarization varied somewhat over the course of each experiment, it can be seen that ionophoresis of ACh did not produce a consistent change in the size of the glutamate response. In one cell, the glutamate effect appeared to be decreased when ACh was applied, however recovery of the response did not occur after the ACh current was off. In these seven cells, the EPSP was decreased by a mean of 39% during or immediately following ACh application, and this was followed by partial or full recovery in each case. Thus, the EPSP is inhibited dramatically by ACh at a time when input resistance and the depolarizing response to dendritic glutamate application are both unaffected. These results do not support a postsynaptic mechanism for the ACh effect.
Al Control A2 ACh
Presynaptic or remote dendritic inhibition by ACh? The observed inhibition by ACh of dendritically generated EPSPs could be effected by a reduction of excitatory transmitter release or, alternatively, by an increase in dendritic membrane conductance not detectable with an intrasomatic electrode but intense enough to shunt EPSP currents. The latter mechanism, which is termed remote dendritic inhibition (Frank, 1959) , predicts that ACh should reduce similar depolarizations produced by ionophoresis of glutamate into the apical dendritic regions and also that the falling phase of the ACh-inhibited EPSP should be faster than normal. Both of these predictions were examined and found not to hold.
For the first test of remote dendritic inhibition, glutamate and ACh pipettes were positioned near to each other in st. radiatum, in the zone of orthodromically activated synapses. Pulses of glutamate, 30 to 140 msec long (18 to 100 nA), were alternated with orthodromic stimulation and a hyperpolarizing current pulse so that glutamate was applied every 2 sec. ACh was ionophoresed after a control period of recording EPSPs, glutamate depolarizations, and hyperpolarizing pulses. In Figure 7 , A and B demonstrate the effect of ACh on the EPSP (A) and glutamate depolarization (B) of one pyramidal neuron. ACh produced a 39% decrease in the recorded EPSP which was followed by complete recovery shortly after the ACh current was terminated (Fig. 7A) . In contrast, the glutamate-induced depolarization remained nearly unchanged throughout the ACh application and following this period. The timing of the glutamate pulses is denoted by solid circles in the membrane potential record of Figure 7B . Likewise, the input resistance of the cell, as assessed by hyperpolarizing current pulses (Fig. 7 .5, up arrow), was unaffected by ACh. The interaction between dendritic applications of ACh and glutamate is summarized for seven cells in Figure 7C . Here, the response of each celI to dendritic glutamate pulses (at 0.5 Hz) is represented by a solid line, and the period of ACh application, which varied from 6 to 18 set in different cells is indicated by symbols. ACh application Figure 7 . Effect of ACh on depolarizations evoked by short dendritic applications of glutamate to pyramidal cells. Ionophoretic pulses of glutamate (100 nA for 80 msec) applied into the apical dendritic zone were alternated with an orthodromic stimulus and a -0.33 nA hyperpolarizing transmembrane current pulse. A, Intracellularly recorded EPSP 4 set before (I), 8 set after (2), and 25 set after (3) the start of a 6-set application of ACh, 112 nA, into the st. radiatum. Each trace is the average of two sweeps. B, Chart recording of the membrane potential of the same ceil recorded before, during, and after application of ACh. Solid circles indicate the start of the glutamate pulse. The small up arrow indicates a hyperpolarizing pulse that was used to monitor input resistance. The records in A were taken at the times indicated by the arrows pointing to the chart record in B. While an effort was made to position glutamate and ACh pipettes near each other, it might be argued that the patches of membrane activated synaptically and by glutamate ionophoresis were not always equidistant from the tip of the ACh barrel. If this were indeed the case, a local conductance increase caused by ACh could well affect the EPSP and glutamate response differentially. The second prediction of the remote dendritic inhibition hypothesis, that the time course of the ACh-inhibited EPSP should be altered, does not suffer from such geometrical constraints and is considered to be an especially sensitive test (Burke and Rudomin, 1977) . This prediction was evaluated by comparing the shape of the EPSP in the presence and absence of ACh. Results from two cells are illustrated in Figure 8 . The traces in Figure 8 , Al and Bl, show control EPSPs (solid lines) and EPSPs recorded during dendritic application of ACh (dashed line); column two shows recovery for both cells. In column 3, the ACh-inhibited EPSP has been normalized algebraically so that its peak amplitude is the same as that of the control EPSP. Using this normalization procedure, it can be seen that a large reduction in the peak height of the EPSP is not accompanied by a faster time course of either the rising or falling phases of the EPSP. This result is consistent with the idea that ACh decreases the size of the EPSP by reducing the amount of transmitter released. Similar results were obtained in six cells whose time course was examined in detail.
For two of these cells, lo-" M bicuculline methiodide had been added to the perfusing fluid in an attempt to eliminate the IPSP component of the orthodromic response. In these cells, strong orthodromic stimulation evoked intense burst responses indicative of reduced synaptic inhibition (Wong and Prince, 1979; Dingledine and Gjerstad, 1979, 1980) . However, the EPSP evoked by weaker stimulation did not decay passively, suggesting that nonlinearities in the dendritic membrane or perhaps a non-GABA (y-aminobutyric acid) IPSP contributed to the falling phase of the EPSP. In these two cells, as in the others tested, ACh did not alter the rate of decay of the EPSP.
An experiment, carried out using an analog model of a dendritic neuron with an electrotonic structure similar to that reported for hippocampal pyramidal neurons, confirmed that a dendritic conductance increase sufficient to reduce the peak of a local "EPSP" by 40% both shortened the time-to-peak and dramatically quickened the falling phase of the potential (not shown).
Discussion
Previous ionophoretic studies of the action of ACh in the hippocampus have emphasized a slow, presumably direct excitatory effect of muscarinic agonists on pyramidal and granule cells, an action later shown to be due to depolarization and conductance decrease (Kelly et al., 1979; Benardo and Prince, 1980; Dodd et al., 1981) . We found that the depolarizing action of ACh was more prominent during perisomatic, rather than dendritic, application of the drug. This finding suggests that the receptors mediating the depolarizing effect of ACh are located on or near the pyramidal cell body. The present study demonstrates that, in addition to this slow, depolarizing effect, ACh exerts a rapid, powerful, muscarinic inhibitory effect upon both excitatory and inhibitory afferents to CA1 pyramidal neurons. Several lines of evidence lead us to conclude that this effect of ACh is not a form of remote postsynaptic inhibition but rather is mediated by a decrease in the amount of transmitter released per afferent volley. DendriticaIly applied ACh reduced the peak height of locally evoked EPSPs without decreasing their rise or or fall time and without changing membrane potential or input resistance. In addition, ACh had little or no effect upon dendritic depolarizations evoked by short pulses of glutamate. Finally, ACh reduced dendritic postsynaptic current density in field potential recordings, and this inhibitory effect was limited spatially to the zone of activated synapses. The remaining alternative, that ACh might interfere with postsynaptic receptor activation, appears unlikely in view of our observation that spatially separate EPSPs and IPSPs, which are mediated by different neurotransmitters, could be reduced in the same cells by appropriately placed ACh applications. Thus, our work provides firm evidence for the postulate of presynaptic cholinergic inhibition made by Yamamoto and Kawai (1972) and Hounsgaard (1978a, b) and is in accord with the recent observations of Reiffenstein et al. (1980) in the intact rat hippocampus.
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The cellular mechanism for the presynaptic inhibitory effect of ACh in the hippocampus is uncertain. ACh may produce excessive depolarization of afferent nerve terminals, thus decreasing the safety factor for spike invasion. This postulate is tempting as it allows a decrease in potassium conductance to account for both postsynaptic excitatory and presynaptic inhibitory actions of ACh in the hippocampus. However, the rapid presynaptic inhibitory effects of ACh were dissociated temporally from the slow, direct depolarizing action, and a change in the shape or size of the compound presynaptic action potential that one might predict for this mechanism (Sypert et al., 1980) was not apparent. In this regard, it is important to ask whether measurement of the "presynaptic volley" (Fig. 1) is dominated by activity in throughgoing axons or whether it accurately reflects depolarization at transmitter release sites. Ultrastructural studies of serial sections through st. radiatum in CA1 indicate that beaded or varicose swellings, which contain synaptic vesicles, arise at intervals along the thin, unmyelinated axons of this region (Westrum and Blackstad, 1962) . Preterminal branching was not reported. In this situation, one would expect that changes in presynaptic terminal depolarization would be signaled faithfully by the extracellularly recorded fiber volley since the transmitter release sites should be electrotonically close to the parent axon. On the other hand, there is no direct evidence that such varicosities possess muscarinic receptors, and it is possible that a proportion of presynaptic terminals arises from thin branches of the parent axon. Given these uncertainties, the interpretation of drug effects on the fiber volley should be made with caution. Hounsgaard (1978a, b) provided evidence for a small increase in afferent fiber excitability during dendritic applications of ACh, although the temporal relationship of this effect to presynaptic inhibition and the possibility that it resulted from a separate depolarizing effect of ACh were not examined. An alternative mechanism for decreasing release of neurotransmitter involves interference with stimulus-secretion coupling in the nerve terminal. This could be accomplished by blocking a voltage-sensitive inward calcium current in a manner similar to that shown in Aplysia by Wilson and Wachtel (1978) . Indeed, the effect of ACh on the synaptic transfer curve (Fig. 1) appears to be virtually identical to that of simply reducing the bath calcium concentration (Dingledine and Somjen, 1981) . Recent studies indicate that a similar mechanism may cause a reduction in transmitter release by opiates at sensory nerve terminals (Mudge et al., 1979) and by adrenergic agonists at sympathetic ganglia (Minota and Koketsu, 1977) .
Although most of our observations were made in the CA1 region, the presynaptic inhibitory action of ACh is quite widespread within the hippocampal formation, occurring in CA3 and fascia dentata as well as the three major strata in CAl. Szerb et al. (1977) have provided evidence for autoreceptors on cholinergic inputs to the hippocampus. From our work, it appears that a large proportion of noncholinergic inputs to pyramidal and granule cells also may be under inhibitory cholinergic control. The dispersed pattern of septal terminations within the hippocampal formation is in accord with this suggestion. Although axoaxonic synapses, which are considered to mediate at least part of classical presynaptic inhibition in the spinal cord (Gray, 1962) , have not been reported in hippocampus (Blackstad, 1963; Gottlieb and Cowan, 1972) , it is possible that diffusion of transmitter from cholinergic synapses could influence nearby terminals. The pharmacological demonstration of presynaptic inhibitory effects of ACh should be taken into account when considering the possible physiological involvement of the septohippocampal pathway in such phenomena as 19 rhythm (Stumpf, 1965; Andersen et al., 1979) and its associated behaviors. On the other hand, convincing physiological evidence for neurally mediated presynaptic inhibition in the hippocampus is lacking. Our efforts to demonstrate direct effects of muscarinic antagonists and cholinesterase inhibitors on synaptic transmission in the slice have failed so far (R. J. Valentino and R. Dingledine, unpublished), and there are few reports in the literature suggestive of a presynaptic inhibitory role for septal afferents. Further evaluation of this hypothesis will depend on the results of in vivo studies designed specifically to search for possible interactions between septal and intrahippocampal afferents, along the lines of the paper by Alvarez-Leefmans and Gardner-Medwin (1975) .
